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QUANTIFYING AND COMPARING BELOWGROUND CARBON POOLS AND 
FLUXES OF TWO BIOENERGY CROP SPECIES: MISCANTHUS X 




Agricultural bioenergy crops (“bioenergy”) are a promising renewable fuel source if 
carbon (C) emitted during the production and combustion of bioenergy is less than 
emissions associated with fossil fuel analogs. Despite the importance of belowground C 
sequestration in determining the net C sink potential of bioenergy, belowground C 
cycling processes in bioenergy crops remains largely uncharacterized. This study seeks to 
quantify and characterize the response of belowground C pools and fluxes to farm 
management scenarios (nitrogen (N) fertilization, stand age, and genotype) in two crops 
proposed as potential sources of bioenergy, Miscanthus x giganteus (Miscanthus) and 
Sorghum bicolor (Sorghum). This study additionally seeks to compare the belowground 
C fluxes in two crop species and draw conclusions about the potential for belowground C 
storage to mitigate carbon dioxide (CO2) emissions associated with the production and 
combustion of bioenergy derived from these two crop species.   
We quantified fine root biomass, soil organic carbon (SOC) content, and CO2 emissions 
associated with root respiration under five nitrogen (N) fertilization levels in Miscanthus 
and Sorghum. For perennial Miscanthus, we also quantified fine root biomass and root 





belowground C flux changed over time and as a function of establishment year. Both fine 
root biomass and root respiration rates did not change as a function of fertilization in 
Sorghum stands, but SOC content in Sorghum was significantly greater in the <0.053 and 
2-0.25mm size fractions in unfertilized stands compared to fertilized. In Miscanthus 
stands, N fertilization did not affect SOC content. Nitrogen fertilization decreased the 
belowground C storage capacity of Miscanthus by depressing fine root biomass. 
Simultaneously, N fertilization increased mass-specific rates of root respiration rates in 
Miscanthus. Despite increased mass-specific root respiration with N fertilizer addition, 
Miscanthus plot-scale root respiration did not change with increasing N application due 
to decreased fine root biomass observed with increasing amounts of N fertilization.  
Fine root biomass was six-fold greater in Miscanthus stands than Sorghum, while mass-
specific root respiration rates were lower in Miscanthus stands than Sorghum. When 
scaled up, plot-scale root respiration emissions were lower in Miscanthus compared to 
Sorghum stands, while SOC content was greater in Miscanthus stands than Sorghum 
stands. Our results indicate Miscanthus has greater C sink potential than Sorghum via C 
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Fuel derived from biomass of lignocellulosic agricultural crops (hereafter 
“bioenergy”) is projected to play a major role in the future U.S. energy portfolio (Rogelj, 
Shindell, Jiang, & Fifita, 2018). Lignocellulosic biomass is a renewable source of fuel 
with projected low carbon (C) lifecycle emissions (Rogelj et al., 2018) produced from 
crops that grow on marginal lands (Gelfand et al., 2013; Kang et al., 2013; Mehmood et 
al., 2017) and requires less inputs (fertilizer, pesticides) than first-generation bioenergy 
species. The U.S. is one of several nations that will rely on plant-derived bioenergy to 
decrease carbon dioxide (CO2) emitted as a byproduct of energy usage to mitigate global 
atmospheric CO2 concentrations (Unfccc, 2016).  
Despite the widespread use of bioenergy in national and international policies to 
mitigate rising global atmospheric CO2 concentrations, knowledge of belowground C 
fluxes remains a large gap in modeling the complete lifecycle of net CO2 emissions in 
bioenergy crops. Belowground fluxes of C are a source of CO2 back to the atmosphere 
via root and microbial respiration and simultaneously an indirect sink for CO2 resulting 
from plant photosynthesis and subsequent root production, turnover, and incorporation 
into soil organic matter. The net direction and magnitude of the belowground CO2 flux is 
likely to be variable among crop species and influenced by farm management decisions 
(Lee et al., 2018; Nachimuthu & Hulugalle, 2017). Until the net belowground C flux of 
bioenergy crop species is quantified and incorporated into lifecycle assessments, 
assumptions of bioenergy as a low-C-emission energy source will potentially over- or 





One way that crops indirectly contribute to the belowground C sink is by 
allocating recently fixed C to build root biomass (Behnke, David, & Voigt, 2012; Jungers 
et al., 2017; Sumiyoshi et al., 2017). C stored belowground in root biomass can be a 
short- or long-term C sink. The persistence of root C stored belowground depends on root 
lifespan and turnover rate, and subsequent incorporation of root- and microbially-derived 
C into soil organic carbon (SOC) following decomposition (Amougou, Bertrand, Machet, 
& Recous, 2011; Prieto, Stokes, & Roumet, 2016). While both aboveground litter inputs 
and roots contribute to soil organic carbon (SOC)(Paterson, Midwood, & Millard, 2009) 
at the soil surface, the latter contributes almost exclusively to SOC at depths below the 
plow layer. Mechanical disturbance via tillage is known to deplete SOC stocks 
(Söderström et al., 2014; Sumiyoshi et al., 2017), making incorporation of root-derived C 
into SOC below the plow layer a potentially valuable, well-protected C sink. Root C that 
is incorporated into the SOC pool, and not emitted as a byproduct of microbial 
respiration, can be stored in soil for as little as weeks or as long as centuries depending on 
its incorporation into soil aggregates or sorption to clay (Six, Zurich, & Paustian, 2000).  
The processes which govern belowground C fluxes are highly dynamic and 
influenced by farm management decisions, particularly N fertilizer inputs. Fertilization is 
known to decrease root biomass (Sainju, Singh, & Whitehead, 2005; Sumiyoshi et al., 
2017) and increase root respiration rates (Ceccon, Tagliavini, Schmitt, & Eissenstat, 
2016; Rewald, Kunze, & Godbold, 2016). Fertilization also likely affects SOC stocks by 
either enhancing or inhibiting microbial decomposition (Mahal et al., 2019; Mulvaney, 





and its sensitivity to fertilization, is likely highly variable among crop species. Bioenergy 
production often involves a myriad of crop species (De, Ferreira, Nishiyama, Paterson, & 
Mendes Souza, 2013; Reid, Ali, & Field, 2020). It is therefore imperative to consider the 
belowground C flux of different species and CO2 flux response to potential N input 
regimes.   
Miscanthus x giganteus (hereafter “Miscanthus”) is a C4 perennial grass which 
shows great promise as a bioenergy crop. Miscanthus has high water use efficiency 
(Pyter, Voigt, Heaton, Dohleman, & Long, 2007) and it requires little to no N inputs due 
to both associations with nitrogen fixing bacteria (Cadoux, Riche, Yates, & Machet, 
2012; Davis et al., 2009; Soman, Keymer, & Kent, 2018) and the recycling of nutrients 
from shoots to rhizome during senescence(Beale & Long, 1997). While Miscanthus is a 
warm season Asian grass, it is tolerant of cold temperatures and thus shows potential for 
growing as a crop across U.S. climatic zones(Pyter et al., 2007),(Beale, Bint, & Long, 
1996). Miscanthus is also capable of producing large yields on both fertile and 
marginalized soils (Feng et al., 2018; Liu et al., 2014; Mehmood et al., 2017).  
Miscanthus is known for dense, deep root systems (Chimento & Amaducci, 2015; 
Hansen, Christensen, Jensen, & Kristensen, 2004), and it is hypothesized that their root 
systems provide a large, persistent C sink (Chimento & Amaducci, 2015; Monti & Zatta, 
2009) unique to the species. Additionally, Miscanthus is a perennial with an estimated 
lifespan of 20-25 years (Pyter et al., 2007), eliminating energy expenditure associated 





et al., 2014). However, the effect of N fertilization and stand age on both SOC formation, 
root biomass, and root respiration remains unclear.  
Sorghum bicolor (hereafter Sorghum) is another C4 grass species currently 
proposed as a promising source of lignocellulosic bioenergy within the US. Like 
Miscanthus, Sorghum is drought tolerant with a high water-use efficiency relative to 
other crops (Mbava, Mutema, Zengeni, Shimelis, & Chaplot, 2020). It too produces high 
yields along a wide climatic gradient. However, unlike Miscanthus, Sorghum is an annual 
row crop and is therefore subject to annual mechanical disturbance via tillage and 
fertilization.  
Sorghum and Miscanthus fine root biomass allocation patterns are likely markedly 
different due to their vastly different lifespans. Root respiration rates generally decrease 
with age (Ceccon et al., 2016).Therefore, I expected root respiration rates to be lower in 
perennial Miscanthus compared to Sorghum. Finally, tillage decreases soil C stocks 
(Kauer et al., 2015), so plantations cultivated with annual crops will likely have lower 
soil C stocks compared to plantations cultivated with perennial crop species. Given that 
both Sorghum and Miscanthus will play a role in future bioenergy crops across the U.S. 
landscape, it is imperative to assess species-specific belowground C fluxes and their 
response to N fertilization.  
To determine rates of belowground C fluxes in these two bioenergy crops, we 
quantified fine root biomass, mass-specific root respiration rates, plot-scale root CO2 
emissions, and soil C stocks by size fraction under different N fertilization levels in 





biomass, soil C stocks, and root respiration among different stand ages to observe how 
the net belowground C flux changes over time. For Sorghum, we also assessed fine root 
biomass in three genotypes to better understand how genetic variations influence rooting 
depths. We hypothesized that root respiration rates and fine root biomass increase with 
increasing rates of N fertilization, and soil C stocks decrease with increasing rates of N 
fertilization. We also hypothesized that root respiration rates decrease with stand age, 
while fine root biomass and soil C increase with stand age. Ultimately, we expected that 
stocks of soil C and fine root biomass are greater in Miscanthus than Sorghum, and root 
respiration rates are lower in Miscanthus than Sorghum, respectively. 
 
MATERIALS AND METHODS  
Site description  
Miscanthus experimental plots were grown in a split-plot randomized complete 
block design with four replications in Ames, IA (42.013, -93.743). Main-plot treatments 
consisted of three establishment years (2015, 2016, and 2017) and split-plot treatments 
consisted of five fertilization levels (0, 112, 224, 336, and 448 kg N ha-1 year-1). Plots 
measuring 5m x 12m were propagated in May of each establishment year at a density of 
11 rhizomes m2 in rows spaced 3m apart with the ‘Freedom’ clone (sourced from 
Repreve Renewables, now AgGrow Tech, Greensboro, NC, USA). N Fertilization 
occurred once per year in the form of urea-ammonium nitrate (UAN) on the same day in 
either April or May for all subplots. Plots established in 2015 were previously fallow 





plots were arranged randomly across the landscape to control variability in prior land-use. 
A detailed site description is in Tejera et al. (2019). Miscanthus stands are grown in fine-
loamy, mixed, superactive, mesic Typic Endoaquolls (Soil Survey Staff, 2015). The 
nearest NOAA weather station to the Miscanthus field site (42.0208°, -93.7741°) reports 
annual 30-year mean (1981-2010) precipitation as 91.0 cm year-1, and annual 30-year 
mean daily temperature as 9.7°C, ranging from -4.9°C in the winter to 22.4°C in the 
summer (Arguez et al., 2012). 
Sorghum experimental plots were planted May 18, 2018 in a split-plot 
randomized complete block design with four replications in Champaign, IL (40.0658, -
88.2087). Main-plot treatments consisted of four fertilization levels (0, 56, 112, and 168 
kg N ha-1) and split-plot treatments consisted of four genotypes (TAM08001, 
TAM17600, TAM17500 and TAM17800). Subplots measuring 6m x 18m were planted 
at a density of approximately 18 seeds m2 with 8 rows per plot in June 2019. Fertilization 
in the form of UAN occurred on May 22 for all plots. Harvest occurred on September 13, 
2018 for all plots. Prior land-use was soy-sorghum-sorghum rotation with yearly tillage. 
Sorghum stands are grown in Drummer silty clay loam (Soil Survey Staff, 2015). The 
nearest NOAA weather station (40.084°, -88.2404°) to the Sorghum stands reports annual 
30-year mean precipitation rates as 105.1 cm year-1, and annual30-year mean daily 
temperature as 10.9 °C, ranging from -2.5°C in the winter to 23.1°C in the summer 






Field and Laboratory Measurements 
Soil cores were extracted from all 60 Miscanthus plots in September 2018, and 
from 24 Sorghum plots fertilized at either 0 or 168 kg N ha-1 that were planted with the 
TAM08001, TAM17600, or TAM17800 genotype in October 2018. In both the 60 
Miscanthus and 24 Sorghum plots, soil cores were extracted in clear polycarbonate cores 
inserted into a truck-mounted Giddings hydraulic probe (Giddings Machine Co., Fort 
Collins, CO). Miscanthus soil cores were 7.62cm diameter x 1m deep. The Giddings 
corer was lowered directly over a randomly selected Miscanthus plant. The core was 
drilled to the full meter depth except when soil compaction or unconsolidated bedrock 
compromised core integrity. A total of 60 cores were taken from the Miscanthus site. In 
Sorghum, two soil cores were extracted from each plot, one from the alley between plant 
rows (inter-row), and the other between two plants within a row (intra-row). Samples 
were pulled from the middle of plots, avoiding locations where sampling occurred 
throughout the growing season. Soil cores in Sorghum measured 4.30cm diameter x 1m 
depth. There was no soil compaction during core extraction, so all cores were a full 1m 
depth.  
All soil cores were stored on ice in the field, refrigerated at the local field site, and 
then shipped to Boston University on ice. At Boston University, the 1m depth cores were 
cut into 5 depth increments: 0-10, 10-20, 20-30, 30-50, and 50-100 cm, and stored at 4°C 
for up to nine months. Roots were picked from each soil core using a combination of soil 





using forceps and tweezers over a mesh sieve with loose soil falling through the sieve. 
Roots were gently washed in tap water and separated into two diameter classes: >2mm 
(coarse roots), and <2mm (fine roots). Once the roots were washed free of any adhering 
soil particles and separated by size class, they were dried at 50°C for a minimum of 72 
hours before being weighed. 
For a subset of the 2018 soil core samples, soil that was previously root picked for 
root biomass was separated by aggregate size fraction class using the wet-sieving 
technique described in Six et al. 2000. For Miscanthus, soil size fraction separation was 
performed on plots established in either 2015 or 2017 that were fertilized at either 0 or 
336 kg N ha-1 yr-1 from the 0-10 and 30-50cm depth increments.  For Sorghum, soil 
aggregate separation was performed on samples from both row locations of the 
TAM08001 genotype, and both fertilization levels (0 and 168 kg N ha-1 yr-1). 100g of air-
dried soil was submerged in water on a 2000 um sieve for 5 minutes to allow aggregates 
>2000 um to fall through the sieve via disruptive pressure (“slaking”). After 5 minutes, 
soil that did not fall through the sieve during the slaking treatment was wet-sieved for 50 
repetitions over a two-minute timespan by moving the sieve in an up and down motion 
while submerged in 3cm of water. The wet-sieving procedure was repeated on a 250 um 
sieve for all aggregates >2000 um, and on a 53 um sieve for all aggregates >250 um. All 
soil size classes were dried at 50°C until reaching a consistent weight, and ground using a 
mortar and pestle. Ground samples were saturated with HCl to remove carbonates. After 
HCl evaporation, soil C and N content was determined via dry combustion on a CN 





concentration (g C g-1 soil fraction) and soil C content (g C size fraction m-2). To 
elucidate OC dynamics in soil regardless of size fraction, we report total soil C content (g 
SOC m2) as the sum of g soil C g-1 soil fraction for each depth interval quantified.  
On the same subset of samples used for soil aggregate separation, fine root 
biomass C and N concentration was determined via dry combustion on a CN analyzer. 
Oven-dried fine root biomass was ground using either a mortar and pestle or a ball mill to 
prepare root samples for CN analysis. 
Root respiration rates were measured in all Sorghum TAM08001 and in all 
Miscanthus plots except the highest fertilization rate (448 kg N ha-1 yr-1). Measurements 
occurred on two separate occasions. In Miscanthus stands measurements occurred once in 
July 2019 and once in August 2019, with each measurement campaign spanning two 
days. Sorghum measurements occurred at the beginning and end of July 2019 (July 2 and 
July 31st), with each campaign spanning one day. Root samples were excavated from the 
soil surface (0-10cm) using a spade and stored in a Ziploc bag for approximately one 
hour before transportation back to the field laboratory at each site.  At the laboratory, 
roots were gently rinsed and patted dry to remove rhizosphere soil before separation into 
two lab replicates, with the exception of the first Sorghum measurement campaign when 
one replicate per plot was incubated instead of two. The deviation in protocol is due to 
lack of an established replication technique during the early phase of this measurement 
campaign. Upon washing and separating, root samples were placed in 500 ml mason jars. 
Jars were immediately capped and a 10ml gas sample was pulled from the jar headspace 





silicone. Gas samples were subsequently injected into an infrared gas analyzer (“IRGA”, 
Model EGM-4, PP systems, Hitchin, UK) for jar headspace CO2 concentration in ppm. A 
second 10ml gas sample was pulled and injected into the IRGA within 2.5 to 4 hours for 
Sorghum samples and 1.5 to 3.5 hours in Miscanthus samples. Time between gas sample 
pulls differed slightly between species due to differences at field site locations affecting 
incubation setup time.  
As a quality check on our gas sampling protocol, three gas samples were pulled from a 
subset of jars during Miscanthus incubations, with the additional gas sample pulled 
approximately 1 hour after T0. Periodically pulling three samples from a subset of jars 
made it possible to check the correlation coefficient (r2) values to ensure the protocol 
successfully represented a linear flux. After incubation the root samples were transferred 
to a 50°C drying oven. Root samples were dried at 50°C for a minimum of 72 hours 
before being weighed. 
 
CO2 Flux Calculations 
Root respiration rates were calculated as mg C-CO2 g dry root biomass
-1 day-1. 
Moles of air in the jar headspace was calculated using the ideal gas law (eq. 1):  
                  nmol =PV/RT                                                                                                                            eq.1  
where atmospheric pressure P is assumed to be 1, V is jar volume in ml, R is the ideal gas 
constant (82.05 cm3-atm/g mole- K) and T is ambient room temperature in K. CO2 
headspace concentrations in ppm were then transformed to mg CO2/g dry root biomass 





(nmol * ppm CO2 *12*0.001/dry fine root biomass) = mg CO2 /g dry fine root biomass                       eq.2 
Mass-specific rates of root respiration per hour were calculated from the slope of the 
linear change in CO2 concentration between sampling timepoints. Plot-scale root 
respiration rates at the daily time scale was estimated as the product of the mass-specific 
rate of root respiration and the biomass of fine roots in the top 10cm of each plot.   
User error caused low and/or negative CO2 fluxes for a subset of samples during 
the July Miscanthus measurement campaign. These values were removed from the 
dataset as they are not representative of root fluxes, causing a loss of data from three out 
of 48 plots and loss of one lab replicate from two plots during the first measurement date.    
 
Statistical Analyses  
The effects of N fertilization and establishment year on Miscanthus fine root 
biomass m2 were evaluated using a linear mixed effects model. Rates of N fertilization 
and establishment year were treated as categorical, fixed effects and block was treated as 
a random effect. The effect of fertilization, genotype, and row location on Sorghum fine 
root biomass m2 were evaluated using a linear model. Fertilization rate, genotype, and 
row location were treated as fixed, categorical variables. To evaluate fine root biomass by 
depth increment we employed the same models used to evaluate fine root biomass m2, 
with the addition of depth increment as a categorical, fixed effect in each model.  
Mass-specific and plot-scale root respiration rates were modeled with linear, 
mixed-effects models. For Miscanthus, fertilization and establishment year were treated 





effects. For Sorghum, fertilization was treated as a categorical, fixed effect and 
measurement date was treated as a random effect. Additionally, because we are not 
interested in the effect of measurement date on root respiration rates and our 
experimental design does not allow for characterization of changes attributable to season, 
we chose to include the variable as a random effect rather than employ the traditional 
repeated measures design. Lab replicates were averaged prior to statistical analyses to 
avoid psuedoreplication. 
Total SOC content, SOC concentration by size fraction, and SOC concentration 
by size fraction were modeled with linear, mixed-effects models. For Miscanthus, 
fertilization, establishment year, soil depth, and size fraction were treated as categorial, 
fixed effects and block was treated as a random effect. For Sorghum, fertilization, soil 
depth, and row location were treated as categorical, fixed effects.   
All statistical analyses were performed in R Statistical Software (Version 3.6.1).  
To fit linear mixed models, we used lmer() in the lme4 package. To fit linear models, we 
used lm(). Post-hoc analyses were carried out using the emmeans package. Data was log-
transformed when necessary to meet assumptions of normality and homogenous variance. 
All models were fit using type II Wald chi-square tests. A treatment was considered to 
exert a statistically significant influence on the data at p < 0.05. In instances where a 
treatment resulted in a significant p-value, means and slopes were evaluated using 







Fine root biomass vertical distribution  
Fine root biomass allocation patterns were similar between species (Figure 1). In 
both Miscanthus and Sorghum, fine root biomass was significantly different among 
different depth increments (Figure 1; p<0.001). In both Sorghum and Miscanthus stands, 
the greatest proportion of fine root biomass was in the top 10cm of soil (49% in Sorghum 
and 40% in Miscanthus). Both crop species also maintained similar proportions of fine 
root biomass below 50cm (18% in Sorghum and 20% in Miscanthus). The smallest 
proportion of fine root biomass was in the 20-30cm depth increment (7% in Sorghum and 
11% in Miscanthus). While the vertical distribution of fine roots was similar, Miscanthus 
contained greater mean fine root biomass in all depth increments compared to Sorghum.  
In both species, the top 10cm of soil contained significantly greater fine root biomass 
than contained in all other depths. In both crops, the 20-30cm depth increment contained 
significantly less fine root biomass than both the 10-20cm depth increment and the 50-
100cm depth increment. Both species contained greater fine root biomass in the 50-
100cm depth increment than the 30-50cm depth increment, but the difference was only 
statistically significant in Sorghum stands.  
In perennial Miscanthus stands, there was an interactive effect of establishment 
year and depth increment on fine root biomass (Figure 2; p<0.05). Post-hoc analyses 
revealed stands established in 2015 and 2017 contained significantly greater fine root 
biomass within the first 10cm of soil than the other depth increments. Stands established 





lower depth increments except the 30-50 and 50-100cm depth increment. No significant 
differences existed among other depth increments for stands established in 2015 or 2016. 
Stands established in 2017 contained significantly less fine root biomass in the 20-30cm 
depth increment than in the 10-20cm depth increment and 50-100cm depth increment. In 
the top 10cm of soil, Miscanthus stands established in 2016 contained significantly less 
fine root biomass than stands established in 2015. In the 10-20cm and 20-30cm depth 
increments, stands planted in 2015 contained significantly greater fine root biomass than 
stands established in 2017. In the 50-100cm depth increment, stands established in 2015 
contained significantly greater fine root biomass than stands planted in 2017.  
In annual Sorghum stands, there was an interactive effect of row location and soil 
depth increment on fine root biomass (Figure 3; p=0.001). Post-hoc analyses revealed the 
intra-row location contained significantly greater fine root biomass than the inter-row 
location in the 0-10 and 10-20cm of soil. In depth increments below 20cm, fine root 
biomass did not significantly differ between intra- and inter-row locations. In the intra-
row location, the top 10cm of soil contained significantly greater fine root biomass than 
all other depth increments. In the inter-row locations, the top 10cm of soil contained 
significantly greater fine root biomass than the 10-20 and 20-30cm depth increments. In 
both row locations, the 20-30cm depth increment contained significantly less fine root 
biomass than the 50-100cm depth increment. Intra-rows, the 20-30cm depth increment 
also contained significantly less fine root biomass than the 10-20cm depth increment, and 
the 30-50cm depth increment contained significantly less fine root biomass than the 10-






Fine Root Biomass in top 1 m of soil 
In Miscanthus, there was a significant effect of N fertilization on fine root 
biomass (Figure 4; p<0.05). However, post-hoc analyses did not detect any significant 
interactions among different fertilization levels. Fine root biomass in the first 1m of soil 
in Miscanthus stands was significantly affected by establishment year (Figure 5; p<0.05). 
Stands established in 2015 contained significantly greater fine root biomass compared to 
stands established in 2016 and 2017. 
An interactive effect of establishment year and fertilization on fine root biomass 
existed (Figure 6; p<0.05). However, post-hoc analyses revealed no significant difference 
between fertilization levels existed when divided by stand age. When divided by 
fertilization level, stands planted in 2015 contained significantly greater fine root biomass 
than stands planted in 2016 and 2017 in the 448 kg N ha-1 yr-1 fertilization level. Within 
the 2017 planting year, we found that fine root biomass was significantly lower in stands 
fertilized at a rate of 448 kg ha-1 yr-1 than in unfertilized stands (Figure 6). 
Fertilization did not significantly affect fine root biomass in the first 1m of soil in 
Sorghum stands. When row was included as a main effect in the model, both row (Figure 
3; p<0.001) and genotype (Figure 7; p<0.001) significantly affected fine root biomass in 
the first 1m of soil. TAM17600 contained significantly less fine root biomass than 
TAM17800 and TAM08001. Intra-rows contained significantly greater fine root biomass 






Mass-specific root respiration rates  
In Miscanthus stands, N fertilization exerted a significant influence over mass-
specific root respiration rates (Figure 8; p<0.001). Rates of respiration increased with 
increasing N fertilization in Miscanthus stands with the exception of the highest treatment 
(336 kg N ha-1 yr-1). Mass-specific root respiration rates were significantly lower in the 
control plots compared to all other N fertilization levels. Mass-specific root respiration 
rates in Miscanthus were not significantly different among establishment years (figure 9; 
p<0.05). N fertilization did not affect mass-specific root respiration rates in Sorghum 
stands.  
 
Plot-scale root respiration 
Plot-scale root respiration emissions in Sorghum stands was not significantly 
affected by N fertilization. Miscanthus plot-scale root respiration emissions was 
significantly different among establishment years (figure 10; p<0.001), but did not 
correlate with stand age. Respiration was significantly lower in stands established in 2016 
compared to stands established in 2015 and 2017. N fertilizer addition did not affect root 
respiration m-2 in Miscanthus stands.  
 
 
Root C and N  
 
Miscanthus fine root biomass C concentration did not significantly differ by N 
fertilization level or depth increment, but did significantly differ among establishment 





41.24 + 0.32, whereas stands established in 2015 and 2016 contained mean %C of 42.31 
+ 0.27 and 42.46 + 0.23. %N in Miscanthus fine root biomass was significantly affected 
by fertilization (p<0.001) and depth increment (p<0.001) but not establishment year. Fine 
root N concentration in the 336 kg Nha-1 yr-1 fertilization level was significantly greater 
than all other fertilization levels, and fine root N concentration in unfertilized stands was 
significantly lower than in fertilized stands. N content of fine root biomass was greater in 
the top 10cm of soil than the 30-50cm depth increment (1.09 + 0.04 vs. 0.77 + 0.03).  
Sorghum fine root biomass N concentration was significantly greater in the 
fertilized stands than unfertilized stands (p<0.01; 0.85 + 0.12 vs. 0.60 + 0.04), and greater 
in the inter-row location than the intra-row location (0.78 + 0.10 vs. 0.64 + 0.06).  N 
concentration did not vary among depth increment. C concentration of fine roots was 
greater in the top 10cm than the 30-50cm depth increment (p<0.05; 42.11 + 1.47 vs. 
39.81 + 0.68).  
 
SOC concentration by size fraction  
In Miscanthus stands, SOC concentration was significantly different among size 
fractions (p<0.001). Both the 2-0.25 and 0.25-0.053 mm size fractions contained 
significantly less SOC g-1 soil compared to the <0.053 and >2mm size fractions, but 
were not significantly different from each other. While SOC concentration was not 
significantly different among size fractions in Sorghum stands, there was a significant 
interactive effect of size fraction and depth increment (p<0.01). Within the 0-10cm depth 





compared to other size fractions. Among all size fractions, SOC concentration was 




In Miscanthus stands, SOC content was not significantly affected by fertilization 
level, establishment year, or depth increment. There was a significant interaction between 
establishment year and depth increment on SOC content (p<0.05). Post-hoc analyses 
revealed this interaction was driven by stands established in 2017, with significantly 
greater SOC content located in the 30-50cm depth increment compared to the top 10cm 
(2863.80 + 136.71 vs. 3760.20 + 484.17).  In Sorghum stands, SOC content was 
significantly affected by fertilization level (p<0.05) and depth increment (p<0.001). SOC 
content was significantly greater in unfertilized stands compared to fertilized stands 
(3029.42 + 257.37 vs. 2159.20 + 276.93). SOC content in the top 10cm of soil was 
significantly greater than SOC content in the 30-50cm depth increment (3229.123 + 
179.57 vs. 2015.37 + 287.80).  
 
Soil C content by size fraction  
In Miscanthus stands, soil C content was significantly different among size 
fractions (figure 11; p<0.001). Soil C content was significantly greater in the 0.25-0.053 
and 2-0.25 size fractions than the >0.053 and <2um size fractions (figure 11).  Soil C 





fraction size (p<0.001). in the >2mm size fraction, significantly greater soil C content 
existed in stands established in 2015 than 2017. Among both establishment years, soil C 
content was significantly different among all size fractions except the 0.25-0.053 and 2-
0.25 mm size fraction in stands established in 2017. There was also a significant 
interactive effect of size fraction and depth increment on SOC content (p<0.05).  Within 
both depth increments, SOC content was significantly different among size fractions, 
with the exception of the 0.25-0.053mm size fraction at both depths. In the >2mm size 
fraction, the top 10cm of soil contained significantly greater SOC content compared to 
the 30-50cm depth increment.  
In Sorghum stands, SOC content was significantly affected by size fraction (figure 
11; p<0.001). The 2-0.25um size fraction contained significantly greater carbon than all 
other size fractions, and the 0.25-0.053um size fraction contained significantly greater C 
than the <0.053um size fraction. SOC content was significantly affected by an interaction 
between fertilization level and soil size fraction (p<0.05), and depth increment and soil 
size fraction (p<0.001). In both the<0.053 and 2-0.25um size fractions, soil C content 
was significantly greater in the unfertilized plots compared to fertilized plots (<0.052: 
346.67 + 43.24 vs. 179.00 + 33.23; 2-0.25: 1606.87 + 123.64 vs. 891.76 + 164.83). In 
both the <0.053 and 0.25-0.053um size fractions, soil C content was significantly greater 
in the top 10cm compared to the 30-50cm depth increments (<0.053: 364.04 + 43.01 vs. 







Crop Comparison  
Mass-specific root respiration rates in Sorghum were approximately 5x greater 
than those observed in Miscanthus (Figure 12). Plot-scale root respiration m2 in Sorghum 
was slightly greater than in Miscanthus when scaled up to the site level (figure 13). Fine 
root biomass stocks were 6x lower in Sorghum than Miscanthus (Figure 14). The C 
content of each size fraction was greater in Miscanthus than Sorghum, except the >2um 




This study elucidated the effects of farm management on belowground C fluxes in 
two bioenergy species. In perennial Miscanthus, fine root biomass stocks decreased with 
increasing fertilization (Figure 4; p<0.05). However, post-hoc analyses revealed the 
addition of N fertilizer only significantly depressed fine root biomass stocks in the 
youngest stands (established in 2017), and only in the highest fertilization level of 448 kg 
N ha-1 yr-1 compared to unfertilized stands. In Miscanthus, mass-specific root respiration 
rates increased with increasing N fertilization (Figure 8; p<0.001), with unfertilized 
stands demonstrating lower mass-specific root respiration rates compared to all fertilized 
stands. Despite increases in mass-specific root respiration rates with increasing N 
fertilization in Miscanthus stands, plot-scale root emissions did not significantly change 
with increasing N fertilization due to the subsequent depression of fertilizer inputs on fine 





increasing N fertilization out of Miscanthus stands, albeit not a statistically significant 
decrease. In Miscanthus, fine root biomass was significantly greater in stands established 
in 2015 compared to stands established in 2016 and 2017 (Figure 5; p<0.01).         
Establishment year did not significantly affect mass-specific root respiration rates, but 
plot-scale root respiration emissions were significantly lower out of stands established in 
2016 compared to 2015 and 2017 (Figure 10; p<0.001).  In Sorghum stands, fine root 
biomass, mass-specific root respiration rates, and plot-scale root emission were not 
significantly affected by N fertilization, despite root N concentrations being significantly 
greater in fertilized stands compared to unfertilized (p<0.001).  
Our study has several limitations. We do not attempt to quantify heterotrophic soil 
CO2 emissions in either crop or characterize the response of heterotrophic soil CO2 
emissions to farm management scenarios such as N fertilization. Heterotrophic 
respiration is a large source of CO2 out of soils, responsible for upwards of 50% of net 
soil CO2 emissions. Heterotrophic respiration rates may be significantly affected by the 
addition of N fertilization by changing decomposition substrate availability, and 
potentially inhibiting or enhancing microbial decomposition rates(Collins et al., 2008; 
Robertson et al., 2017). It is therefore impossible to extrapolate the total net belowground 
C flux out of stands without a thorough characterization of heterotrophic respiration. A 
second source of limitations is our root respiration rates were measured on severed roots. 
Severing roots changes root-microbe interactions, stops photosynthate allocation to roots, 
and alters temperature by removing roots from soil. Despite the physiological and 





measurements, this technique is widely used (Abramoff & Finzi, 2016; Burton, Jarvey, 
Jarvi, Zak, & Pregitzer, 2012).  Additionally, Abramoff et al. (2016) compared root 
respiration rates of severed and in-tact roots in a temperate forest ecosystem and found 
both severed and attached roots had similar respiration rates for up to seven hours. Our 
root respiration experiments did not last seven hours past the timepoint where roots were 
severed from plants.    
In Sorghum stands, mean fine root biomass in the first 1m of soil was ~1 Mg ha-1 
across all N fertilization levels, genotypes, and in both row placements. Sorghum root 
biomass quantities reported in the literature are variable, ranging from 0.41(Sainju et al., 
2005) to 2.1 Mg ha-1 in the first 1.2m of soil (Monti & Zatta, 2009). The variation in 
belowground biomass reflects site-specific differences in farm management and soil 
parameters (Gill et al., 2014; Sainju et al., 2005; Wu et al., 2008), and genetic variation 
among cultivars and hybrids, both of which are known to influence below-(Ahmed et al., 
2020) and above-ground yields (Gill et al., 2014; Zhao et al., 2009). Our study lends 
additional credence to the theory of genetic variation driving differences in reported 
belowground biomass values, as one of three Sorghum genotypes (TAM17600) in our 
study contained significantly less fine root biomass than the other genotypes 
(TAM08001, TAM17800) when soil parameters were held constant (Figure 7).  
Because Sorghum is a row crop, row placement during sampling influences 
reported belowground biomass estimates. Our study revealed greater belowground 
biomass intra-rows vs. inter-rows (Figure 3). However, when fine root biomass is divided 





only holds true for the first 20cm (Figure 3). At greater depths than 20cm, there is an 
equitable distribution of root biomass inter- and intra-rows.  
Root respiration rates and fine root biomass in Sorghum in the first 1m of soil 
were not significantly changed with the addition of fertilizer. Our results are similar to a 
prior study also showing no effect of fertilization on Sorghum fine root biomass. Not 
surprisingly, root N concentrations were significantly greater in fertilized compared to 
unfertilized stands (0.85 + 0.11 %N vs. 0.60 + 0.04 %N, P<0.05), but this did not result 
in greater root respiration rates. Previous studies indicate fine root biomass along with 
other root traits can vary throughout the growing season (Desrochers, Landhäusser, & 
Lieffers, 2002; Dohleman, Heaton, Arundale, & Long, 2012; Heaton, Dohleman, & 
Long, 2009). It is therefore possible that the response of fine root biomass to fertilization 
occurred early in the growing season and was missed by our October 2018 sampling 
campaign. However, this would not explain the lack of response of root respiration to 
fertilization, as one of our root respiration incubations occurred in the early growing 
season (early July 2019). Prior studies have found that root N content is positively 
correlated with the rate of root decomposition (Liang, Elsgaard, Nicolaisen, Lyhne-
Kjærbye, & Olesen, 2018; Prieto et al., 2016; Terzaghi et al., 2013). Therefore, 
belowground C sequestration may differ in fertilized vs. unfertilized Sorghum stands. 
Decomposition studies of Sorghum fine roots are needed to assess the effect of N 
fertilization on soil-C sequestration potential. If decomposition is more rapid for roots 






We propose two possible explanations for the lack of response of fine root 
biomass to N fertilization in Sorghum stands. Sorghum has been found to root up to 1.9 m 
deep (Mayaki, Stone, & Teare, 1976; Robertson et al., 2017; Sainju et al., 2005; Stone, 
Goodrum, Jaafar, & Khan, 2001), likely to forage for limiting resources. It is possible 
that unfertilized plots met their N demand with deeper rooting depths rather than greater 
fine root biomass, and this proliferation at depth went undetected in our study, which 
only measured fine root biomass up to a depth of 1m.  Conversely, Sorghum stands are 
part of a soy-sorghum-sorghum rotation, and soil N prior to 2018 establishment and 
fertilization was high (15.34 + 1.30 kg NH4-N + NO3-N ha
-1). Aboveground yields in 
these stands did not respond to fertilization in 2018 (Mark Burnham, personal 
communications). It is possible that the N requirements of Sorghum were met such that 
fertilization had no significant effect on biomass production in the top 1m of soil.   
In Miscanthus stands, we measured ~4.68 Mg ha-1 of fine root biomass across all 
establishment years and fertilization levels and 6.00 Mg ha-1 across all establishment 
years in unfertilized stands. While our results are not directly comparable with other 
studies due to differences in sampling depth, farm management practices, and the type of 
biomass quantified (fine root biomass vs. all roots + rhizomes), our values are similar to 
those previously reported, which range from 7.3 Mg ha-1 in the first 2.5m of soil in seven-
year-old Miscanthus stands(Poeplau, Germer, & Schwarz, 2019) to 7.8 Mg ha-1 in the 
first 1.05m of soil in six-year-old stands(Chimento & Amaducci, 2015).   
Both root respiration rates and root N concentration in Miscanthus increased with 





decreased with fertilization up 224 kg ha-1 yr-1 (Figure 4). After this level of N addition, 
there was no subsequent change in biomass suggesting a saturation point for fertilization 
in this region. While numerous studies have detected a positive correlation between root 
respiration rates and root N content in other species (Burton et al., 2012; Paradiso, Jevon, 
& Matthes, 2019; Terzaghi et al., 2013) this is the first study that characterizes respiration 
rates of  Miscanthus roots across a range of fertilization levels. Despite the higher rate of 
mass-specific root respiration in the fertilized plots, total root respiration [mg C-CO2 m
-2 
day-1] was not significantly different between fertilized and unfertilized stands because 
the decrease in fine root biomass was compensated for the increase in the specific rate of 
root respiration.  
The interactive effects of N fertilization on belowground C fluxes may either 
enhance or mitigate a portion of the aboveground sustainability benefits reaped from 
increased yields due to fertilizer application. Our study found that N fertilization 
increases root respiration (Figure 8), but depresses fine root biomass stocks (Figure 4) in 
Miscanthus stands. In addition, there appears to be a N saturation point at our study site, 
after which N fertilization does not exert an observable influence over the root biomass or 
respiration rates.  
Miscanthus fine root biomass stocks were significantly different among 
establishment years but did not correlate with stand age (Figure 5, 9). Given that root 
respiration generally decreases with root age (Ceccon et al., 2016), we hypothesized the 
oldest stands would exhibit the lowest root respiration rates and the youngest stands the 





mass-specific root respiration rates among establishment years. Our hypothesis that fine 
root biomass increases with stand age was consistent with our results, with the oldest 
stands established in 2015 exhibiting significantly greater fine root biomass than the two 
younger stands established in 2016 and 2017 (Figure 5). The nonsignificant differences 
between 2016 and 2017 fine root biomass stocks likely reflects spatial heterogeneity of 
root pools, possibly in combination with insufficient time since establishment to have 
observed a yearly accumulation of fine root biomass in stands established in 2015 
compared to those established in 2016. 
While a significant interaction between fertilization level and establishment year 
existed, post-hoc analyses revealed the interaction was driven solely by stands established 
in 2017 (figure 6). Fine root biomass in stands established in 2017 was significantly 
lower in the two highest fertilization levels (336 and 448 kg ha-1) than in unfertilized 
stands. The current consensus is that Miscanthus N demands are low during the “yield-
building” phase following establishment (Dohleman et al., 2012; Tejera et al., 2019). 
However, our results indicate fine root biomass is particularly sensitive to fertilization 
inputs immediately following establishment.  
There was no effect of N fertilization on root production in the two oldest stands. 
I hypothesize that retranslocation of N from senescing tissues and its storage in the 
overwinter rhizome regulates N demand in subsequent growing seasons (Cadoux, Riche, 
Yates, & Machet, 2012; Heaton et al., 2009). If so, re-translocation of N makes 





stands in stark contrast to annual bioenergy cropping systems where fertilizers are applied 
year in and year out (Cadoux et al., 2012).  
Lack of repeated measures makes extrapolating these findings to stand age 
challenging. Conditions varied among establishment years. In particular, 2016 stands 
were inundated with standing water throughout the growing season following 
establishment, which delayed and/or reduced stand development. It is logistically difficult 
to distinguish between live and dead roots, and nearly impossible to distinguish the birth 
year of roots in a perennial root system (Neukirchen, 2006). More research is needed to 
quantify seasonal root growth, death, and turnover rates throughout Miscanthus lifespan 
to better understand belowground C fluxes in these perennial crops. It is likely edaphic 
conditions during establishment year affect fine root biomass proliferation and 
distribution as fine roots are primarily a nutrient acquisition organ.  
Sorghum and Miscanthus demonstrated similar depth distribution patterns (Figure 
1), with 40-50% of fine root biomass concentrated in the top 10cm. For both crops, fine 
root biomass decreased with increasing depth up to 30cm, after which fine root biomass 
increased up to 100cm. While it is difficult to directly compare depth distributions of fine 
root biomass in the literature due to differences in sampling and reporting, the trends of 
depth distribution observed in this study are comparable to those reported in the literature 
(Mayaki et al., 1976; Monti & Zatta, 2009; Neukirchen, 2006; Poeplau et al., 2019). In all 
studies, the greatest amount of fine root biomass is concentrated in the top layers of soil 
and generally declines with depth.  Despite allocating similar proportions of fine root 





biomass in all depth increments. This suggests that soil C sequestration in Miscanthus 
stands likely exceeds that in Sorghum stand since root exudates, root turnover and 
microbial residues are the principle conduits by which SOC is formed(Schmidt et al., 
2011).  
Mean fine root biomass in Miscanthus stands was ~6x greater than in Sorghum 
stands (figure 14), indicating that C sequestration potential via belowground C allocation 
is greater in Miscanthus than Sorghum. Miscanthus root respiration rates were ~5x lower 
than those observed in Sorghum (figure 12). Daily total root-derived CO2 emissions were 
slightly lower in Miscanthus than Sorghum when scaled up to the field level, despite 
greater fine root biomass in Miscanthus stands (figure 13). From a belowground C flux 
standpoint, Miscanthus has lower rates of root respiration and simultaneously greater 
sequestration potential via the proliferation of fine root biomass.   
When not divided among size fractions, total SOC content was greater in 
Miscanthus than Sorghum (3209.85 + 149.69 vs. 2646.52 + 204.76 g-1 SOC fraction m-2). 
Among all size fractions but the >2mm size fraction, soil C content was greater in 
Miscanthus than Sorghum (figure 11). The greater SOC content observed in Miscanthus 
may be due to the larger rooting structures found in Miscanthus compared to Sorghum 
(Monti & Zatta, 2009), and lack of tillage (Sainju et al., 2005; Sumiyoshi et al., 2017). A 
greater mass of fine roots would provide a substrate for microbial decomposition, the 
primary mechanism through which C is sequestered into soil. Tillage is known to deplete 
SOC both through mechanical disturbance and increased microbial respiration by 





may account for the differences observed between Sorghum and Miscanthus stands in our 
study. Sorghum contained greater soil C content in the largest macroaggregate, <2um. 
The largest soil size fraction has a quick turnover and is not considered a long-term C 
sink, making the C pool less valuable from a sustainability standpoint compared to 
smaller microaggregates. 
The potential of bioenergy crops to mitigate rising atmospheric CO2 
concentrations is contingent upon lower lifecycle CO2 emissions compared to fossil fuels. 
Belowground C sequestration has potential to mitigate a proportion of bioenergy’s 
lifecycle CO2 emissions if a non-negligible quantity of C is stored belowground. 
Conversely, if bioenergy cultivation stimulates greater soil CO2 emissions compared to 
the plant species it replaces, the net belowground CO2 flux out of stands may negate any 
belowground C storage, potentially increasing total lifecycle CO2 emissions. It is 
therefore imperative to quantify and characterize belowground C pools and fluxes of 
bioenergy species, and the response of these belowground C pools and fluxes to farm 
management scenarios. Only after belowground C pools and fluxes are quantified and 
incorporated into lifecycle emission scenarios can we attempt to draw accurate 
conclusions about the lifecycle emissions of bioenergy and the ability of bioenergy 
mitigate rising atmospheric CO2 emissions relative to fossil fuel analogs. In Miscanthus, 
we observed a larger belowground C pool in fine root biomass stocks compared to 
Sorghum. In Miscanthus, we also observed lower mass-specific root respiration rates and 
slightly lower plot-scale root respiration emissions out of stands compared to Sorghum. 





fluxes of Sorghum quantified in this study, despite greater root N concentrations observed 
in fertilized stands compared to unfertilized, indicating N fertilizer uptake was occurring 
in Sorghum. Conversely, the addition of N fertilizer stimulated a smaller belowground C 
sink in Miscanthus stands via depression of fine root biomass proliferation. While the 
addition of N fertilizer stimulated greater mass-specific root respiration rates in 
Miscanthus, this did not manifest into larger plot-scale CO2 emissions due to the 
subsequent depression of fine root biomass stimulated by N fertilizer addition.  
From a belowground C cycling standpoint, Miscanthus appears to be the superior 
bioenergy compared to Sorghum. This is due to larger C stocks allocated belowground as 
fine root biomass and smaller CO2 fluxes into the atmosphere via root respiration. 
However, it is important to consider that we do not quantify heterotrophic respiration in 
our experiment. Heterotrophic soil respiration accounts for 50% of soil respiration. 
 
CONCLUSION 
Fine root biomass in Miscanthus was approximately 5x greater than in Sorghum, 
indicating fine root biomass is a more productive belowground C sink in Miscanthus than 
in Sorghum.  Despite greater fine root biomass stocks, Miscanthus demonstrated slightly 
lower plot-scale root respiration emissions due to lower mass-specific root respiration 
rates compared to Sorghum. N fertilization did not influence the belowground C fluxes of 
Sorghum observed in this study. N fertilization depressed fine root biomass and increased 
mass-specific root respiration rates observed in Miscanthus, but did not exert a 





pools and fluxes of belowground C quantified in our study, Miscanthus is the more 
sustainable bioenergy crop due to larger amounts of C sequestered belowground via fine 
root biomass during the growth phase coupled with lower CO2 emissions via root 










































Figure 1. Mean fine root biomass + standard error among five different depth 
increments ranging from 0 to 100cm in the soil profile in a) Sorghum (n=40 for 
all depth increments) and b) Miscanthus (n=58 for each depth increment). 
Percentages indicate fine root biomass allocated to each depth increment out of 
1m. Miscanthus fine root biomass was collected in September 2018 in Ames, 
IA. Sorghum fine root biomass was collected in October 2018 in Champaign, 
IL. Miscanthus data is averaged over fertilization level and establishment year. 

































Figure 2. Mean fine root biomass + standard 
error among five different depth increments and 
three establishment years in Miscanthus stands 
sampled up to a depth of 1m in September 2018 
in Ames, IA (2015, n=18; 2016 and 2017, 
n=20). Data shown is averaged over 
















































Figure 3. Mean fine root biomass + standard error among 
five different depth increments and two row locations (intra-
row= core pulled inside a row of plants in between two 
plants; inter-row= core pulled in alley between two rows of 
plants ) in Sorghum stands sampled up to a depth of 1m in 
October 2018 in Champaign, IL (all depth increments inter-
row, n=18; all depth increments intra-row, n=22). Data shown 
















































Figure 4. Mean fine root biomass in 1m of soil + standard error 
among five different N fertilization levels in Miscanthus stands 
sampled up to a depth of 1m in September 2018 in Ames, IA (0 
and 448 kg N ha-1 yr-1, n=11; 112, 224, 336 kg ha-1 yr-1, Z n=12). 
















































Figure 5. Mean fine root biomass in 1m of soil + standard error 
among three establishment years in Miscanthus stands sampled in 
September 2018 in Ames, IA (2015, n=18; 2016 and 2017, n=20). 
















































Figure 6. Mean fine root biomass + standard error 
among three establishment years and five N 
fertilization levels in Miscanthus stands sampled up to 
a depth of 1m in September 2018 in Ames, IA. 
Distinct letters denote statistically significant 
differences in fine root biomass among N fertilization 
levels within an establishment year (2015, 0 and 448 
kg ha-1 yr-1, n=3; all other establishment years and 
















































Figure 7. Mean fine root biomass in 1m of soil + standard error 
among three genotypes in Sorghum stands sampled in October 2018 
in Champaign, IL (TAM08001 and TAM17800, n=14; TAM17600, 

















































Figure 8. Mean root respiration rate g
-1
 fine root biomass + 
standard error among four fertilization levels in Miscanthus stands 
grown in Ames, IA. Root respiration rates were measured once in 
July 2019, and once in August 2019, with two samples measured 
per plot on each occasion. Replicate samples from each plot were 
measured and averaged to avoid psuedoreplication (0 kg ha-1 yr-1, 
n=21; 112 kg ha-1 yr-1, n=20; 224 kg ha-1 yr-1, n=18; 336 kg ha-1 yr-
















































Figure 9. Mean root respiration rate g
-1
 fine root biomass + 
standard error among three establishment years in Miscanthus 
stands grown in Ames, IA in 2019. Root respiration rates were 
measured once in July 2019 and once in August 2019, with two 
samples measured per plot on each occasion. Plot replicates 
averaged to avoid psuedoreplication (2015, n=27; 2016, n=25; 
















































Figure 10. Mean root respiration day 
-1
 + SE among three 
establishment years in Miscanthus stands grown in Ames, IA. 
Root respiration rates were measured once in July 2019, and once 
in August 2019, with two samples measured per plot on each 
occasion. Fine root biomass samples were pulled from plots in 
September 2018. To scale up to the site level, fine root biomass in 
the 0-10cm depth increment was multiplied by each root 
















































Figure 11. Mean soil C content in each size fraction + standard 
error in Miscanthus (yellow) and Sorghum (blue) stands. 
Miscanthus stands were grown in Ames, IA and soil samples 
were extracted September 2018. Sorghum stands were grown in 

































Figure 12. Mean root respiration rate g
-1
 fine root biomass + 
standard error in two bioenergy crop species, Miscanthus 


























Figure 13. Mean root respiration day
-1
 + standard error in 
Sorghum and Miscanthus (n=78) stands. To scale root 
respiration rates to the site scale, we multiplied fine root 
biomass in the top 10cm of soil with root respiration rates g-1 
fine root biomass. For both species, respiration rates were 
measured on two separate measurement campaigns. For 
Miscanthus, one campaign occurred in July 2019 and the 
second in August 2019, with each campaign spanning two 
days. For Sorghum, two measurement campaigns occurred in 
July. Fine root biomass was collected in September 2018 for 
Miscanthus, and October 2018 for Sorghum. Miscanthus fine 
root biomass and root respiration rates were measured from 
the sample plots. Because Sorghum is an annual, root 
respiration and fine root biomass were not measured from the 
















































Figure 14. Mean fine root biomass + standard error in 1m of soil 
in Sorghum stands (n=40) grown in Champaign, IL, and 
Miscanthus stands (n=58) grown in Ames, IA. Means calculated 
for each species averaged over fertilization level, establishment 
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